The TAP2 gene, located in the HLA class II region, encodes a subunit of a transporter involved in the endogenous antigen-processing pathway, and has been suggested to contribute to the genetic risk for insulin-dependent diabetes (IDDM). In order to determine whether the TAP2 locus modulates the risk conferred by HLA DQ loci, HLA DQA1-DQB1-TAP2 haplotypes were analysed in 48 IDDM probands, their first degree relatives, and in 62 normal control subjects. A decreased frequency of the TAP2B allele was confirmed in this IDDM cohort (12 vs 28 % in control subjects, Pc < 0.05). Analysis of 73 informative meiotic events in IDDM and control families demonstrated a recombination fraction between HLA DQB1 and TAP2 loci of 0.041 (Log of the odds score = 16.5; p < 10 -8) indicating strong linkage between these loci. Family haplotype analysis demonstrated linkage disequilibrium between TAP2 and HLA DQA1-DQB1, and showed that the reduced frequency of TAP2B was associated with its absence on the IDDM susceptible DQAI*0301-DQBI*0302 haplotype, its low frequency on DQAI*0501-DQBI*0201, and the association of TAP2B with DQA1*0101-DQBl*0501 haplotypes which were less frequent in IDDM patients. Comparison of transmitted with non-transmitted haplotypes in IDDM families showed a slight but not significant decrease in TAP2B allele frequency on transmitted (3 of 37) vs non-transmitted (2 of 9) HLA DQAI*0501-DQBI*0201 haplotypes. No other differences were observed. Twenty-four unrelated DQAI*0501-DQBI*0201 haplotypes from non-diabetic families had a TAP2B allele frequency (4 %) similar to that in IDDM haplotypes. These findings suggest that the decreased TAP2B allele frequency in Italian IDDM patients is due to HLA DQ haplotype differences between IDDM patients and control subjects, and do not support a contribution to IDDM risk by the TAP2 locus. [Diabetologia (1995) 38: 968-974] 
DQAI*0501-DQBI*0201, and the association of TAP2B with DQA1*0101-DQBl*0501 haplotypes which were less frequent in IDDM patients. Comparison of transmitted with non-transmitted haplotypes in IDDM families showed a slight but not significant decrease in TAP2B allele frequency on transmitted (3 of 37) vs non-transmitted (2 of 9) HLA DQAI*0501-DQBI*0201 haplotypes. No other differences were observed. Twenty-four unrelated DQAI*0501-DQBI*0201 haplotypes from non-diabetic families had a TAP2B allele frequency (4 %) similar to that in IDDM haplotypes. These findings suggest that the decreased TAP2B allele frequency in Italian IDDM patients is due to HLA DQ haplotype differences between IDDM patients and control subjects, and do not support a contribution to IDDM risk by the TAP2 locus. [Diabetologia (1995) 38: 968-974] Genes within the major histocompatibility complex (MHC) strongly influence the susceptibility to several autoimmune diseases including insulin-dependent diabetes mellitus (IDDM) [1, 2] . Among these, HLA DQ genes provide the major genetic risk for IDDM [3] [4] [5] [6] [7] [8] [9] . Together with HLA DR and DR they encode HLA class II molecules which present antigen peptides to CD4 + T cells [10] . Since HLA DQ alleles conferring susceptibility and/or protection differ at positions critical for peptide binding, IDDM risk conferred by HLA DQ is suggested to act at the level of antigen presentation [11] .
assembly and expression of cytosolic peptides with class I heavy chain and ~2-microglobulin [21, 22] . Both TAP1 and TAP2 are polymorphic, three TAP1 alleles and six TAP2 alleles having been reported [23] . Allelic frequencies in IDDM patients and normal control subjects show no differences at the TAP1 locus, while in the case of TAP2, an increased frequency of the TAP2A allele and a decreased frequency of the TAP2B allele are found in IDDM patients [24] [25] [26] . It remains controversial as to whether these associations are due to linkage disequilibrium between TAP2 and H L A DQ loci [25] or whether this gene confers independent protection or susceptibility for IDDM onset [26] . In order to clarify whether TAP2 modifies the genetic risk for IDDM provided by H L A DQ, we have analysed H L A DQA1-DQB1-TAP2 haplotypes in 48 IDDM families, 19 non-diabetic families matched for the IDDM susceptible DQA1*0501-DQB1*0201 haplotype and allele frequencies in 62 normal control subjects. The data indicate that most of the TAP2 association with IDDM can be ascribed to linkage disequilibrium within the H L A class II region. 
"P c < 0.05; p values were corrected for the number of TAP2 alleles (n = 6) Several other genes within the MHC are involved in antigen presentation and may be relevant to the genetics of IDDM [12] . These include a cluster of genes located between H L A DQ and H L A D P which are necessary for successful cell surface expression and presentation of peptides with H L A class I and class II molecules [13] [14] [15] [16] [17] [18] . Of these, the TAP1 and TAP2 loci encode subunits of an ATP-dependent transporter which delivers endogenous peptides from the proteosome complex to the H L A class I molecule [19, 20] . This function is essential for stable
Subjects and methods
Subjects. Forty-eight unrelated IDDM probands and their firstdegree relatives were randomly selected from the San Raffaele Hospital IDDM family study in the Lombardy region of northern Italy. Diagnosis of IDDM in probands was made according to the World Health Organization criteria. Twenty-three probands were male, 25 were female and their average age at IDDM onset was 16.6 years (range 4.3-31.6 years). Each family had at least one unaffected sibling, who was less than age 32 years. Sixty-two unrelated non-diabetic individuals from the same geographical area with a mean age of 57.5 years were also recruited for the investigation. They were randomly selected to represent the general population of Milan, did not have IDDM or non-insulin-dependent diabetes, or a family history of the disorders, and all had a normal daily glucose profile. In order to compare HLA DQA1-DQB1-TAP2 haplotypes with those from HLA DQ matched non-diabetic families, DNA was provided by the North Italian Transplant centre from 19 non-diabetic families which contained at least one DQAI*0501-DQBI*0201 haplotype.
DQA1-DQBI typing. Genomic DNA was extracted from peripheral blood lymphocytes according to standard techniques [27] . The second exon of the DQA1 and DQB1 genes was amplified by polymerase chain reaction (PCR) and typed with allele specific oligonucleotide probes specific for DQB1 codons 54--59 and DQA1 codons 52,72-74 according to the 11th HLA international workshop protocols.
TAP2 ARMS PCR analysis. TAP2 ARMS (amplificatory refractory mutation system) PCR analysis was performed as previously described [23] . Three polymorphic sites were independently typed: position 379 (A for G, Ile379 for Va1379) position 565 (A for G, Thr565 for Alas65) , position 665 (G for A, Ala665 for Thr665). Four primers were used for each site: two specific for one of the two variants, the others complementary to the flanking regions as control. PCR reactions were performed in , annealing (58 ~ or 60 ~ for 1 min) and extension (72 ~ for 1 rain) followed by a final 5-rain extension step. Amplified products were visualised on a 2 % agarose gel stained with ethidium bromide. Amplification at each site resulted in a constant control band and minor bands of specific sizes corresponding to the allelic variants (Fig. 1) .
The alleles TAP2A-E were assigned as described by Powis et al. [23] ; TAP2F was assigned to the variant Ile379-Ala565 -Ala66~.
Statistical analysis
Gene frequencies were evaluated by counting individual alleles and dividing by the total number of TAP2 alleles. Statistically significant differences between the IDDM probands and unrelated non-diabetic control subjects were assessed using the chi-square test; p values were corrected for multiple comparisons. HLA DQA1-DQB1-TAP2 haplotypes were assigned after evaluating the genotype data for all family members. Haplotypes could not be assigned in three families due to recombination, and a further six parental haplotypes could not be unambiguously determined. Haplotypes occurring in probands were defined as transmitted, while those occurring only among unaffected family members were defined as non-transmitted. It was possible to assign 90 transmitted haplotypes and 84 non-transmitted haplotypes. Differences between the frequency of transmitted and non-transmitted haplotypes were assessed using the chi-square test according to Thomson [28] . An additional comparison of the TAP2 distribution within DQA1*0501-DQB1*0201 haplotypes from IDDM patients was made with 24 unrelated DQAI*0501-DQBI*0201 haplotypes from 19 families with no immediate history of IDDM.
The extent of genetic linkage between DQB1 and TAP2 loci was determined by calculating the Logarithm of the odds (Lod) score of the recombination fraction in all meioses which occurred in parents heterozygous at both loci, and included IDDM and control families [29] . The degree of linkage disequilibrium between HLA DQ haplotypes and TAP2 was obtained by calculating D" (delta/deltamax) [30] on the frequency of haplotypes and alleles in the parents of IDDM families [31] . All p values were corrected for the number of potential comparisons (n = 32).
Results
TAP2 allele frequencies. The TAP2B allele frequency was decreased in IDDM patients (12 %) vs control subjects (28 %), (Pc < 0.05) and the TAP2A frequency was slightly but not significantly increased (73 vs 60 %) ( Table 1) . Overall, TAP2A was present in 92 % of patients and 84 % of control subjects, and TAP2B in 23 % of patients and 48 % of control subjects (Pc = 0.06).
Recombination analysis. Among the IDDM and control families there were 30 families in which at least one parent was heterozygous at both DQB1 and TAP2 loci, and within these families 73 meiotic events informative for assessment of recombination between these loci. Three DQB1-TAP2 recombinations were observed giving a recombination fraction of 0.041 and an Lod score of 16.5 (p < 10-8).
Linkage disequilibrium. Association of HLA DQ haplotypes and TAP2 alleles in parents of IDDM families is shown in Table 2 . The IDDM susceptible DQAI*0301-DQBI*0302 haplotype was almost always found with the TAP2A allele and never with TAP2B. TAP2A was on 23 of 24 (96%) of DQAI*0301-DQBI*0302 haplotypes compared to 100 of 150 (67 %) of non-DQAI*0301-DQBI*0302 haplotypes (9(2= 7.1, Pc TM 0.22). The TAP2B allele was most frequent on the DQAI*0101-DQBI*0501 haplotype, present on 10 of 22 (45 %) of these haplotypes compared to 16 of 152 (9.5%) non-DQAI*0101-DQBI*0501 haplotypes (~2= 15.8, pc<0.005). TAP2C was most frequent on the DQAI*0501-DQBI*0301 haplotype, present on 12 of 30 (40 %) of these haplotypes compared to 7 of 138 (5 %) non-DQAI*0501-DQBI*0301 haplotypes (~z = 26.6, po < 0.00005).
Transmitted vs non-transmitted haplotypes. The fre-
quency of the DQAI*0501-DQBI*0201-TAP2A haplotype was increased (pc<0.005) and the DQAI*0501-DQBI*0301-TAP2A haplotype reduced (pc< 0.05) in transmitted haplotypes (Ta-ble 3). The DQAI*0301-DQBI*0302-TAP2A haplotype was slightly but not significantly increased in transmitted haplotypes. DQAI*0102-DQBI*0602-TAP2A and DQAI*0101-DQBI*0501-TAP2B haplotypes were slightly but not significantly reduced in transmitted haplotypes.
Amongst the DQAI*0501-DQBI*0201 haplotypes, TAP2B allele was present on 3 (8 %) of 37 transmitted compared to 2 (22 %) of 9 non-transmitted haplotypes (Puncorrected-0.24). No other differ-ences in TAP2 allele distribution between HLA DQ matched transmitted and non-transmitted haplotypes were found. To further evaluate whether TAP2B might confer additional protection on the DQAl*0501-DQBl*0201 haplotype, control families were examined. TAP2B was on I (4 %) of 24 unrelated DQAI*0501-DQBI*0201 haplotypes from families without IDDM. This was similar to its frequency in HLA DQAI*0501-DQBI*0201 haplotypes found in IDDM patients (Table 4 ).
Table3. Transmitted and non-transmitted HLA DQA1-DQB1-TAP2 haplotypes in IDDM families Haplotypes
TransNon-transmitted mitted n = 90 n = 84 DQAI*0201-DQBI*0201-TAP2A 4 (4 %) 
Discussion
Our results confirmed the altered distribution of TAP2 alleles in IDDM patients compared to control subjects. The strongest TAP2 allele association with IDDM was a decreased frequency of TAP2B. A previous case-control study in France [26] suggests that this allele provides dominant protection against developing IDDM. A separate study in IDDM patients in Scandinavia [25] reports that its reduced frequency is due to linkage disequilibrium between TAP2 and HLA DQ. More recently, two additional case-control studies have also reported conflicting results [32, 33] . A study in Spanish IDDM patients and control subjects shows IDDM association with TAP2*01 alleles which include TAP2A, C, D and E, but not TAP2B and F, and suggests this is not due to linkage disequilibrium [32] . A study in the Sardinian population, however, reports only minor differences in TAP2 allele distributions between patients and control subjects which can be attributed to linkage disequilibrium between HLA DR, DQ, and TAP2, and concludes that a primary association between IDDM and TAP2 is unlikely [33] . We have analysed northern Italian IDDM families to identify HLA DQA1-DQB1-TAP2 haplotypes. Family analysis should improve the power to determine whether the TAP2 allele associations with IDDM are primary or secondary to HLA DQ.
Genotyping in our IDDM families demonstrated an association of TAP2 alleles with particular HLA DQ haplotypes. TAP2A was preferentially found on DQAI*0301-DQBI*0302 haplotypes, TAP2B on DQAI*0101-DQBI*0501 haplotypes, and TAP2C on DQAI*0501-DQBI*0301 haplotypes. TAP2B was absent on all DQAI*0301-DQBI*0302 haplotypes and found in only 8% of DQAI*0501- Table 4 . TAP2 allele distribution on HLA DQAI*0501-DQBI*0201 haplotypes in IDDM and control families Haplotype Transmitted (IDDM) Non-transmitted Control families (n = 37) (n = 9) (n = 24) DQAI*0501-DQB I*0201-TAP2A DQAI*0501-DQB I*0201-TAP2B DQAl*0501-DQBl*0201-TAP2C DQAl*0501-DQBl*0201-TAP2D
DQBI*0201 haplotypes. These two HLA DQ haplotypes accounted for 59% of haplotypes in the IDDM patients. Furthermore, TAP2B was in linkage disequilibrium with, and most frequently found on, the DQAI*0101-DQBI*0501 haplotype which has a reduced frequency in IDDM patients. Therefore, as in the Scandinavian study [25] , the decreased TAP2B allele frequency in our IDDM cohort could be accounted for by increased frequencies of DQAI*0301-DQBI*0302 and DQAI*0501-DQBI*0201 and, in particular, a reduced frequency of DQA1*0101-DQBl*0501.
This study shows clear linkage disequilibrium between TAP2 and HLA DQ. Similar associations between DQAI*0101-DQBI*0501 or DRBl*01 and TAP2B are shown in previous studies [25, 26, 32, 33] , while linkage disequilibrium between TAP2C and DRBl*11 which is found on DQAI*0501-DQBI*0301 haplotypes is also present in the Sardinian cohorts [33] , and either not tested [25, 32] or not shown [26] in other studies. Linkage disequilibrium between the more common IDDM-susceptible HLA DRBl*0301-DQAl*0501-DQBl*0201 and DRBI*04-DQAI*0301-DQBI*0302 haplotypes is, however, controversial. Rcnningen et al. [25] show statistically significant delta values, albeit only when p values are uncorrected, between each of these haplotypes and TAP2A in Norwegian random-control subjects. None of the other studies, including our own (data not shown), demonstrate statistically significant associations of TAP2A with these haplotypes in random control subjects. The absence of statistically significant linkage disequilibria between DRBl*04-DQA1*0301-DQBl*0302 or DRB1-*0301-DQAl*0501-DQBl*0201 and TAP2A in random control subjects may, however, be due to insufficient statistical power (large type II error) arising from the infrequency of alleles other than TAP2A in each population. In these cases it is inappropriate to exclude linkage disequilibrium on the basis of a non-significant delta value. Cucca et al. [33] found a significantly higher frequency of TAP2A in DRBl*0301-DQAl*0501=DQBl*0201 homozygous IDDM patients and control subjects compared to random control subjects. This is also the case in the Scandinavian study, and in support of this, we found that DQAl*0501-DQBl*0201 haplotypes have a higher frequency of TAP2A than do the remaining haplotypes (p = 0.06, Table 2 ). Furthermore, in the Scandinavian, Spanish and our northern Italian cohorts, DQBl*0302 was almost never found in the absence of TAP2A, and they are, in fact, clearly associated. We suggest, therefore, that each of the studies, which are on cohorts distinct in their geography, HLA class I and II distributions, and IDDM incidence [34] , are consistent in their findings, and support the existence of linkage disequilibrium between the HLA DQ and TAP2.
Linkage disequilibrium of alleles at several loci within the HLA class II region, complicates analyses of contribution to disease risk by separate loci. The region of linkage disequilibrium around HLA DQ is reported to include TAP2, but not the more centromeric TAP1 and DP loci [35] . In the case of the TAP2 locus, allele associations with IDDM appear to be secondary to the disease association with HLA DQ. This implies that TAP2 allele typing is unlikely to improve assessment of risk for IDDM over that provided by DQ typing alone. However, it does not exclude a role for the allelic differences in the pathogenesis of IDDM. One approach which may help clarify whether a linked locus modulates risk is to examine haplotype transmission to probands. A reduced transmission of particular HLA DQ haplotypes when they carry TAP2B would support protection by this allele. DQAl*0301-DQBl*0302 was uninformative for this purpose since it was never found with TAP2B in either transmitted or non-transmitted haplotypes. TAP2B was slightly less frequent on DQAl*0501-DQBl*0201 transmitted haplotypes, but this decreased frequency in transmitted vs nontransmitted groups was not statistically significant. Furthermore, comparison of transmitted vs nontransmitted haplotypes is conditional on either the absence of recombination or linkage disequilibrium [36] . The frequencies of TAP2B alleles on DQAI*0501-DQBI*0201 transmitted haplotypes were therefore compared to those in matched control families. There were no differences between these groups. This is consistent with the findings of R0nningen et al. [25] and Cucca et al. [33] who found no differences between TAP2 allele frequencies in IDDM patients and control subjects homozygous for this haplotype.
These studies stress the importance of using HLAmatched control subjects in analyses of IDDM susceptibility [37] . In neither study in which an independent contribution to IDDM risk was attributed to the TAP2 locus were the TAP2 allele frequencies in IDDM patients compared to HLA-matched or HLA-DQ homozygous control subjects [25, 32] . In contrast, where such comparisons were made, differences in TAP2 allele frequencies between IDDM patients and control subjects were found to be secondary to HLA-DQ associations with IDDM. We conclude that HLA DQA1-DQB1-TAP2 haplotype analysis within Italian families also suggests that the decreased TAP2B allele frequency in IDDM patients is secondary to HLA DQ haplotype associations with disease. We do not exclude a role for TAP2 allelic differences in the pathogenesis of IDDM, but suggest that any contribution to IDDM risk will be small. TAP2 allele typing is, therefore, unlikely to be useful for IDDM risk assessment. The demonstration of additional risk to that attributable to HLA DQ will require analysis of very large cohorts of IDDM families or alternative approaches [38J. This is also likely to be the case for other loci within the MHC which are in linkage disequilibrium with HLA DQ.
